The permeability properties of the inner membrane of mung bean mitochondria were studied by osmotic Tributyltin induced a low rate of mitochondrial swelling in KCI in the absence of substrates, which indicated the presence of a low activity (Na+) K+/H+ antiporter in the membrane. In the presence of NADH, rapid swelling, followed by a contraction, was observed upon addition of tributyltin. Swelling was insensitive to uncouplers, whereas contraction was uncoupler-sensitive. 02 uptake (state 4) was greatest (3-to 4-fold stimulation) during the contraction phase, which indicated that the observed contraction was coupled to the pH gradient formed during electron transport. The results suggested that energization increased the activity of the (Na+) K+/H+ antiporter in the inner mitochondrial membrane.
The inner mitochondrial membrane is thought to present a permeability barrier to free movement of solutes into and out of the mitochondrial matrix. Selective movement of solutes across the inner membrane involves specific transport systems that facilitate the exchange-diffusion transport of certain metabolites (21) . Transport systems and solute permeation can be studied spectrophotometrically (4, 18) . As proven to be very useful (12) . One system involves the use of the ionophore, valinomycin. Induction of swelling by valinomycin in the K+ salt of the anion indicates electrogenic anion uptake.
Valinomycin is an antibiotic that specifically increases membrane permeability to K+ (16) and thereby causes swelling when the mitochondrial membrane is permeable to the anion. In the second system, spontaneous swelling of mitochondria in an isotonic ammonium salt has been interpreted to indicate that the anion is transported in an electroneutral fashion (ie. in exchange for OHions, which is equivalent to uptake of the corresponding acid).
The ammonia diffuses into the matrix where it hydrolyzes to NH4+ + OH-. The OH-ions are then available to drive uptake of the anion (4, 12). Valinomycin will not induce swelling in the K salt of an anion that is transported electroneutrally. In this report, the osmotic swelling technique was used to study transport across the inner membrane of mung bean (Phaseolus aureus Roxb.) mitochondria. Mitochondria isolated from mung bean hypocotyls are used frequently in studies ofelectron transport and oxidative phosphorylation; however, little is known about the semipermeability properties of the inner membrane. The objectives of the present study were (a) to characterize the inner membrane ofmung bean mitochondria relative to the permeability of cations and anions; and (b) to determine if energization affects permeability to monovalent cations.
MATERIALS AND METHODS
Isolation of Mitochondna. Mitochondria were isolated from 4-day-old, dark-grown mung bean hypocotyls as described by Ikuma and Bonner (10) and modified by Moreland and Boots (14) .
02 Uptake and Mitochondrial Swelling. 02 utilization was measured polarographically with a Clark electrode in a 2-ml thermostatted cell at 25 C. Mitochondrial swelling was measured simultaneously as a decrease in A at 520 nm (4) . Reaction mixtures contained 0.3 M mannitol or salts, as indicated in the figure legends, and 10 mm Hepes (pH 7.1), unless noted otherwise. Each 2-ml reaction mixture contained approximately 0.4 mg mitochondrial protein, as determined by the method of Lowry et al. (11 (4) . The net result is uptake of Pi + NH4+ which increases the internal osmolarity and, hence, the mitochondria swell osmotically. As shown in Figure I (trace A), mung bean mitochondria also swell rapidly in ammonium phosphate. As shown below (Fig. 3A) , pretreatment of mitochondria with mersalyl, pCMBS, or NEM inhibited the rate of swelling in ammonium phosphate. Other investigations have reported that sulfhydryl reagents inhibited swelling of potato tuber (19) and bean (7) mitochondria in ammonium phosphate but not ammonium acetate. Hence, mung bean mitochondria possess a Pi/OH-antiporter with properties similar to the Pi carrier from other plant sources.
Mitochondria from cauliflower (15) , beet root (15), and potato tuber (19) (15) , cauliflower (15) and potato tuber (19) mitochondria. Cauliflower mitochondria, isolated and assayed under the conditions described for mung bean mitochondria, swell dramatically in ammonium malate plus Pi and in ammonium citrate in the presence of catalytic amounts of malate and Pi (data not shown).
The observed swelling of cauliflower mitochondria was consistent with previous findings (15) and indicated that the lack of swelling of mung bean mitochondria ( Fig. 1, lonophore-induced Swelling. Valinomycin induced rapid swelling ofmung bean mitochondria suspended in isotonic KCI, K2SO4, and K2HPO4 (Fig. 2, traces A, B, and C) , but only slow swelling in KAc (Fig. 2, trace D) . Because swelling requires net uptake of both cation and anion, the results indicated that the inner membrane of mung bean mitochondria was permeable to Cl-, s042, and Pi anions. The limited swelling in KAc indicated a low, but (Fig. 2, A-D (21) . Mersalyl, pCMBS, and NEM inhibited the rate of mitochondrial swelling in ammonium phosphate greater than 90%o (Fig. 3A) but had no effect on swelling in ammonium acetate, which occurs entirely by diffusion (data not shown). Specific inhibition of the Pi/OH-antiporter by the sulfhydryl reagents was therefore suggested, which is consistent with results obtained with mitochondria isolated from other sources (7, 15) . In contrast, swelling induced by valinomycin in K2HPO4 was stimulated by the sulfhydryl reagents (Fig. 3B) . The stimulation did not involve valinomycin action, because swelling in KAc + valinomycin was not affected (Fig. 3C) . Rather, an increase in electrogenic Pi uptake was suggested. The lack of inhibition of valinomycininduced swelling in K2HPO4 by sulfhydryl reagents indicated that the Pi/OH-antiporter was not involved.
Energized Swelling in Chloride-contailning Solutions. Trialkyltins catalyze an exchange of Cl-for OH-ions across membranes (17) . As expected, 1 ,UM tributyltin induced rapid mitochondrial swelling in isotonic NH4Cl, slight swelling in KCI, and no swelling in mannitol (Fig. 4) . Rapid swelling in NH4Cl would be expected, because hydrolysis of ammonia in the matrix would produce OHions for tributyltin-catalyzed exchange with external Cl- (17) . Presumably, the additional swelling in KCI caused by tributyltin reflected the presence of a low activity K+/H+ antiporter in the mitochondrial membrane.
Addition of tributyltin to mitochondria oxidizing exogenous NADH in isotonic KCI caused a rapid swelling that was followed by a contraction (Fig. 5) . The induced swelling corresponded to a 1.5-fold increase in the state 4 rate of NADH oxidation. During the contraction phase, 02 uptake was maximal (3.7-fold increase). After net contraction had ceased, the rate of 02 uptake decreased to an intermediate rate. Similar results were obtained when mitochondria were suspended in isotonic NaCl (data not shown).
The strong stimulation of 02 uptake during the contraction phase suggested that contraction was driven by electron transport. The slight stimulation of 02 uptake during the swelling phase may be attributed to dissipation of the pH gradient by tributyltin-catalyzed uptake of external CF-in exchange for internal OH-ions.
However, this would be limited by the normally low membrane permeability to cations.
The rapid mitochondrial swelling caused by the addition of tributyltin during receptorless NADH oxidation in isotonic KCI was largely prevented by FCCP when the uncoupler was added before the substrate (Fig. 6 , trace A versus trace B). Addition of FCCP during the swelling phase allowed swelling to proceed, but completely prevented the contraction (Fig. 6, C). When FCCP was added after the contraction phase, swelling was reinitiated (Fig. 6, trace C) . The results suggested that swelling required, but was not coupled to, the pH gradient generated by electron transport. The sensitivity of the contraction phase to FCCP indicated that this phase was driven by the pH gradient.
Models for the observed swelling and contraction are presented in Figure 7 . Both models involve net movement of K+ and CFions, and an electron transport-activated (Na+) K+/H+ antiporter in the inner mitochondrial membrane. It is postulated that the pH Plant Physiol. Vol. 64, 1979 gradient generated by electron transport is responsible for activation of the (Na+) K+H+ antiporter. During swelling (Fig. 7A) , the endogenous (Na+) K+/H+ antiporter is coupled to tributyltincatalyzed exchange of Cl-and OH-ions, thereby maintaining electroneutrality. A net uptake of KCI occurs and osmotic flow of water results in swelling. The pH gradient generated by electron transport is not dissipated, which is consistent with: (a) inhibition of swelling by mannitol (data not shown); (b) the relatively low stimulation of acceptorless respiration observed during swelling (Fig. 5) ; and (c) insensitivity to FCCP (Fig. 6) . Mitochondrial contraction may be explained by the model proposed by Chavez et al. (5) and Brierley and Jurkowitz (3) for beef heart mitochondria (Fig. 7B) . The pH gradient generated by electron transport drives the efflux of internal K+ in exchange for external protons. Activity of the (Na+) K+/H+ antiporter thereby reduces the magnitude of the pH gradient and allows for increased respiration. As a result, the membrane potential (inside negative) would increase, but would be dissipated by efflux of the permeant CF-anion ( Fig.  2A) . Contraction may be controlled by the concentration gradient of K+ and Cl-ions across the inner membrane. Initially, contraction would be prevented by the relatively high external concentration of KCI. However, after swelling is initiated, the internal concentration of salt increases to the point that further uptake is prevented. Energized contraction would then lead to net extrusion of K+ and C1-. The steady-state (no A change) reached after net contraction had ceased appeared to be dynamic rather than static (i.e. swelling and contraction occurred at equal rates), because addition of FCCP (Fig. 6, corn mitochondria (9) . However, we have also shown that activity of the K+/H+ antiporter increased dramatically upon energization of the mitochondria.
